Solid pseudopapillary neoplasms (SPNs) of the pancreas may present widespread peritoneal metastases, but the treatment of this malignancy has not been well described and requires further investigation.
Background
The incidence of solid pseudopapillary neoplasm (SPN) of the pancreas comprises 0.13% to 2.7% of all pancreatic tumors. It occurs primarily in young women with a male-to-female incidence ratio of approximately 1: 8 [1] [2] [3] . In 2010, the WHO Classification of Tumors of the Digestive System redefined SPN as a malignant tumor from its previous definition as a borderline tumor. However, the classification also stressed that SPN should be a low-grade malignant tumor [4] . Surgical resection is the only effective method for treating SPN. To achieve favorable prognosis, surgeons should ensure that the tumor is entirely resected while preserving the functions of the adjacent organs as much as possible [5, 6] .
SPNs primarily affect adolescents who do not undergo routine medical examinations. Some tumors can grow undetected, and in some cases, accidental trauma can cause the tumors to rupture and result in acute abdominal and peritoneal metastases [7] [8] [9] . However, some SPNs do not rupture, especially more aggressive lesions, and could produce peritoneal metastases as well [10, 11] . Such cases are rarely reported and summarized. A consensus on the therapeutic management for such conditions has not been established. In this study, 4 patients with SPNs with widespread peritoneal metastases who were treated by our department were detailed and analyzed. The clinicopathological characteristics of the metastases in these cases are unique, with some differences among them. We also analyzed 8 more cases from previously published articles to determine the optimal therapeutic strategies to cure SPNs with widespread peritoneal metastases.
Material and Methods

Clinical data
The clinical records of 4 patients with peritoneal metastases originating from SPNs who were treated between January 2007 and January 2017 at Peking University Cancer Hospital were retrospectively reviewed. The peritoneal metastases were confirmed via exploratory surgery followed by pathological diagnosis of the specimens. A diagnosis of SPN was based on the microscopic appearance of the tumor and immunohistochemical staining results. Clinical presentation, surgical details, pathological features, and follow-up data were documented according to specific groups.
Surgery procedures
Cytoreductive surgery (CRS) comprises peritonectomy procedures and visceral resections to remove all macroscopic disease and leave no residual disease [12] . Because the peritoneal metastases were not widespread in some cases, visceral resections either alone or with partial peritonectomy appeared adequate. Thus, we define complete cytoreductive surgery (CCRS) as operations consisting of total peritonectomy procedures plus extended visceral resections. In addition, total peritonectomy procedures comprised the resection of 6 sections as first described by PH Sugarbaker [13] . Debulking surgery was used as a palliative option to remove most gross residual tumor loads.
According to the literature, high-grade malignant SPNs have either microscopic or gross malignant features, which include cellular atypia, capsule invasion, peripancreatic fat invasion, perineural invasion, lymphovascular invasion and distant metastases [4, 6] .
A literature search in PubMed was conducted with the following terms of solid pseudopapillary tumor, solid and cyst tumor, rupture, trauma, peritoneal metastasis, and peritoneal carcinomatosis. Only patients who underwent surgical treatment were included.
Statistical analysis
The statistical analyses were performed using SPSS software, version 13.0 (SPSS, Chicago, IL, USA). Either a two-tailed chisquared test (c 2 ) or Fisher's exact test was used to evaluate the correlation between surgical strategy and tumor-free survival (TFS). Kaplan-Meier survival analysis was used to evaluate the patients' TFS, and P values were calculated by the log rank test. A two-sided P value less than 0.05 was considered statistically significant.
Results
Clinicopathological characteristics of SPNs in our series
The 4 patients (3 women and one man) were on average 28.5 years old when they were first diagnosed. Three patients had acute abdominal pain, and 2 (patients A and B) had abdominal trauma that caused tumor rupture, which was confirmed via laparotomy. Patient C had spontaneous but moderate abdominal pain 6 months before peritoneal metastases were detected. Patient D had routine follow-up during which the peritoneal metastases were discovered.
The size of the 4 primary SPNs ranged from 7 cm to 15 cm and were all located in the body or tail of the pancreas. The metastatic lesions varied in size and shape. The primary tumor in patients A and B had similar biological characteristics and the same incipient peritoneal metastases. The metastatic nodules were mostly spherical or hemispherical in shape, firm to the touch, and well encapsulated. Tumor invasion was not so aggressive such that small nodules were easily removed from the peritoneal surfaces ( Figure 1A ), but the larger nodules had invasive behavior, especially the tumors in patient B ( Figure 1B ). The metastatic lesions of patients C and D showed more aggressive behavior in appearance. The tumors were soft to the touch and prone to slow bleeding. They were large and irregular in shape, with the largest metastatic masses measuring 12.0 cm and 8.0 cm, respectively. Even the small nodules infiltrated into the serosa and blood vessels ( Figure 1C ). However, neither the small intestine nor mesentery were affected in all 4 cases ( Figure 1D ).
In the microscopic findings, both metastatic tumors from patients B and C had vascular thrombi. In addition to metastatic tumor, patient C had 2/8 positive lymph nodes, but her lymph nodes were all negative (0/7) during explored in her first primary tumor resection. The 4 metastatic tumors had different infiltration abilities to adjacent structures. The tumor from patient A infiltrated to only parts of the peritoneum. Tumors from patients B and D invaded the gastrointestinal serosa. However, the tumor from patient C invaded the deepest, as it penetrated the submucosa of the gastric wall and muscularis propria of the colon.
Immunochemistry of Ki-67 expression was 20% in metastatic tumors from patient C but was 5% in her primary tumor. In all other cases, Ki-67 expression was 1-2%.
Analysis of reports in the medical literature combined with our cases
A total of 8 patients (all female; mean age 28.3 years) with SPNs with peritoneal metastases who underwent surgery has been reported. Upon inclusion of these patients with our series, the mean primary tumor size was 12. tumors were in the head of the pancreas, and 10 (83.3%) were in the body or tail.
Six (50.0%) patients had trauma that caused the primary tumors to rupture; 1 (8.3%) experienced iatrogenic injury. For the remaining 5 patients, the causes of peritoneal metastasis are likely the malignant characteristics of the primary tumor. The mean duration time from primary tumor resection to peritoneal metastasis detection was 6.1 years (range 1.2~13.0 years), while the mean duration was 5.7 years in cases where the tumor ruptured.
All 12 patients underwent surgical resection with different initial procedures. One patient underwent CCRS treatment. Eight patients initially underwent CRS, and 2 required a follow-up CCRS surgery due to tumor recurrence. Three of the remaining 6 patients had tumor recurrence and were treated with CRS, debulking surgery, or conservative treatment (1 each). Among the remaining 3 patients, 1 is patient C from our series in whom the peritoneal metastases could not be curatively resected due to the malignant infiltration into vital organ and vessels; she was still alive at her 1.0-year follow-up, but lung metastases were detected within 3 months postoperatively. The other 2 patients underwent observation for the peritoneal metastases; as their diseases progressed, one patient underwent debulking surgery 2 years later to treat multiple metastases and the other patient underwent CRS 1.4 years later [11, [14] [15] [16] [17] [18] [19] [20] (Table 1) .
Because all patients survived and have limited follow-up data, our study mainly analyzed the correlation of surgical procedures and TFS. The data regarding debulking surgery and patients Table 2 ). The Kaplan-Meier survival analysis data are shown in Figure 2 .
Discussion
Identifying and preventing tumor rupture is critical for any type of malignant tumor, even for SPNs, which are considered low-grade malignant neoplasms. SPNs can grow unnoticed into large tumors and rupture by accident. The incidence of SPN rupture among 292 cases was reported at 2.7% [21] . Blunt abdominal trauma was the most common reason according to review articles [22, 23] ; other reasons include spontaneous rupture and iatrogenic injury. Kim reported that tumor rupture is a risk factor for SPN recurrence [24] . However, only 2 of the 12 patients with ruptured SPN had peritoneal metastasis with 27 months of follow-up data as described on the report by Kyokane [17] . Thus, whether the rupture is the real reason for peritoneal carcinomatosis is debatable [8] . We speculate that the causes of SPN rupture without metastatic spread may be as follows. (1) The SPN arises from a region in the pancreas that is deep within the abdomen. Minor bleeding sites may be wrapped by the greater omentum; thus, dissemination into the abdominal cavity is prevented, such as the case described by Kyokane, in which the tumors had all implanted around the ruptured area. (2) Because of the low malignancy of SPN, a median follow-up time of 27 months is not enough to detect small nodules. Our study showed that the mean duration for peritoneal metastasis detection was 5.7 years in individuals with ruptures.
Because a minor rupture can cause disseminations of SPNs, the safety and necessity of tumor biopsy must be carefully evaluated. SPNs are a cyst and solid tumor with surface tension, especially in larger masses. Any needle puncture can cause content outflow. Furthermore, Virgilio reported 4 individuals with SPN recurrence due to biopsy [25] . Currently, most pancreatic surgeons believe that the diagnosis of SPNs should be based predominately on radiological assessments. Biopsy is suggested only in critical situations, and the puncture path should be well designed to minimize the risk of leakage [26, 27] .
Tumor injury is a crucial factor that can result in the peritoneal metastasis of SPNs, yet rupture is only a physical activator. Whether the biological nature of SPNs can cause peritoneal metastases has rarely been discussed. Some pathological features associated with aggressive tumor behavior, such as lymphovascular invasion, perineural invasion, local invasion of the tumor capsule, and surrounding tissue invasion, have been used to define high-grade malignant SPNs. However, due to limited follow-up interval or erroneous theory, neither clinical recurrence nor metastases had been correlated with these malignant features [6] . For example, the pathological results of patient C revealed that her primary tumor did not exhibit any predictive features for her metastases that were discovered 6.0 years later. However, Ki-67 expression in her primary tumor was 5%, predicting an adverse outcome according Table 2 . Statistical results of surgically treated SPNs with peritoneal metastases.
CRS -cytoreductive surgery; CCRS -complete cytoreductive surgery; PM -peritoneal metastases; SPNs -solid pseudopapillary neoplasms; TFS -tumor-free survival.
to some authors [28] . Accurate risk and predictive factors for SPNs are still under investigation.
We noticed that metastatic tumors derived from low-grade and high-grade malignant SPNs have some differences regarding the gross manifestation and biological behavior. Most SPNs are low-grade malignant with benign behavior and good prognosis, and tumor rupture is the primary cause for peritoneal metastases. The low-grade tumors are firm and well-defined, which is in accordance with the description in the study by Tajima [18] . However, high-grade malignant SPNs can infiltrate and metastasize into related and distant organs. The metastatic tumors are soft to the touch and can spontaneously rupture into cells that can detach and spread, resulting in dissemination. There are some commonalities between the 2 distinct classes of SPNs, the most important of which is that none of the metastatic tumors in our cohort infiltrated the small intestinal serosa or mesentery. Within all cases assessed, mesentery seed involvement was reported but was described as only scattered nodules [18] . In addition, there was no evidence of ascites in any of these reported cases, even in those with extensive peritoneal metastases. The unique characteristics of peritoneal metastases from SPNs are suitable for radical surgical resection.
The treatment strategies of SPN with peritoneal metastases reported in review articles include conservative treatment, debunking surgery, CRS, CCRS, and HIPEC. Although CCRS showed no difference with CRS procedures in treating either low-grade or high-grade SPNs in our analysis, CCRS significantly improved TFS in all SPNs with peritoneal metastases. In fact, the essential purpose for treating peritoneal metastases is to remove all the lesions. Some authors chose CRS because the disseminations were not serious; however, the CRS operation does not include a total peritonectomy procedure, resulting in an increased risk of tumor recurrence. Patient A was our first cases of SPNs with widespread metastasis. We lacked the experience to conduct a total peritonectomy at that time, although we believed the metastases were completely resected. The residual tumor was found deep inside the gap between the ligamentum teres hepatis and left lateral lobe 1.8 years later and the lesions were misdiagnosed as liver metastases. We performed a second hepatectomy to remove the recurrences, as well as membranes around the hepatoduodenal ligament and other around the peritoneum, to achieve a total peritonectomy; currently, the patient's TFS is 6.1 years. Similarly, patient B initially underwent CCRS with total peritonectomy; although this patient was diagnosed with high-grade malignant SPNs, his TFS is currently 4.5 years.
Although there is increased risk for recurrence in SPNs treated with CRS, it should be noted that more surgeries can result in an increased risk of complications that can reduce the quality of life or even cause death. Furthermore, low-grade malignant SPNs, which in peritoneal metastatic cases predominately caused by accidently rupture, accounted for most SPNs cases. However, our study indicated at least 2 cases (patient B and Case No. 7) in only 7 that presented rupture and had aggressive features such as tumor thrombus and vessel invasion; these were classified as high-grade malignant SPNs. We speculated that high-grade malignant SPNs are more susceptible to rupture under the same external forces. Thus, every ruptured SPN encountered may have a higher likelihood of being a high-grade malignancy. Moreover, Lee reported 1 patient who underwent 8 surgical resections for SPN peritoneal implantation and distant metastases [20] . Although the patient was diagnosed with high-grade malignant SPN due to liver metastases, the Ki-67 expression of the resected tumors increased over time. We speculate that SPN gains more aggressive characteristics when it recurs and metastasizes. Thus, conducting more radical surgical treatment during the first encounter is particularly important.
Conclusions
For patients of SPNs with significant peritoneal metastases, CCRS should be the primary treatment to achieve the longest TFS. The characteristics of SPNs, particularly implantation modes, also enabled the possibility of R0 resection. For some SPNs with regional disseminations, it appeared that CRS was more adequate than CCRS, but it should be noted that there is still a high possibility of tumor recurrence with this procedure. Because our retrospective study describes a small number of cases and limited survival information, its conclusions should be interpreted with caution. However, SPNs have unique oncologic features and slow progression. The CCRS has a more radical intention and may theoretically result in a better prognosis.
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